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ABSTRACT

We analysed oscillations in individual Network Bright
Points (NBPs) in Cal Kj, Ha core, MgI by, and

Mg 1 b; —0.4 A giving us a range of heights from the up-
per to the lower chromosphere. Lightcurves, and hence
power spectra, were created by isolating distinct regions
of the NBP via a simple intensity thresholding technique.
Using this technique, it was possible to identify peaks in
the power spectra with particular spatial positions within
the NBPs. This was extended into the time domain by
means of wavelet analysis. We track the temporal evolu-
tion of power in particular frequency bands by creating

in emission in strong chromospheric lines and display a
one-to-one correlation with the underlying photospheric

magnetic field [1]. Whereas the internetwork contains

oscillations which can be explained as acoustic waves,
the network seems to contain frequencies lower than the
acoustic cut-off [2].

The precise role these NBP oscillations play in chromo-
spheric heating has been the topic of much discussion, but
the theories can be divided into two main camps. The first
theory suggests the existence of downward-propagating

power curves. These are then cross-correlated across all magneto-gravity waves [3,4], a more detailed discussion

observed wavelengths to search for propagating waves.

In particular, long-period waves with periods of 4-15

minutes (1-4 mHz) were found in the central portion

of each NBP, indicating that these waves are certainly
not acoustic, but possibly due to magneto-acoustic or
magneto-gravity wave modes. We note the possible ex-
istence of fast-mode MHD waves in the lower chro-

mosphere, coupling and transferring power to higher-
frequency slow-mode MHD waves in the upper chromo-

sphere.
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1. INTRODUCTION

The solar atmosphere from the photosphere to the chro-
mosphere is permeated by kilogauss magnetic fields.
Flux emerges in the supergranular internetwork and is
transported to the cell boundaries to form the chromo-
spheric network. Further migration along the network re-
sults in regions of strong magnetic fields at the junction of

of which can be found in [5]. The second theory sug-
gests the existence of upwardly propagating magnetohy-
drodynamic (MHD) waves [6]. Fast-mode MHD waves
in the NBPs at frequencies above the fast-mode cut-off
are formed by granular buffeting at the photosphere [7,8].
These propagate up through the NBP such that their ve-
locity amplitude will increase due to density statifica-
tion. When their velocity becomes comparable to the
tube speed, they enter the non-linear region and mode-
coupling can occur [9]. The mode-coupling preferen-
tially occurs by fast-mode waves at freqeungywhich

will transfer most of their energy to slow-mode waves at
frequency 2, although some energy will be left in waves
at the original frequency [9]. The fast-mode waves hence
transfer most of their power to slow-mode waves, which
can then shock and heat the surrounding plasma [10].

In the present paper we examine the oscillatory behaviour
of NBPs in three dimensions to test the second theory
outlined above. First, NBP oscillations are studied in
Call K3 as afunction of the radial position from the NBP
centre. Oscillations at the very bright centre are then stud-
ied in time using wavelet analysis. Finally oscillations are

several supergranular cells. These regions are sometimes studied throughout the chromosphere by means of cross-

termed Network Bright Points (NBPs). They show up

correlation across all wavelengths.
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Figure 1. (a)- 30" x 30" time-averaged Cal K3 image

of a sample NBP. The white line corresponds to the modal
pixel value (the background). The solid and dashed lines
correspond to contours at 1 and 2.5 standard deviations
above the background respectively. Only pixels inside the
closed contour around the central NBP are included. (b)-
Fourier Transforms of the lightcurves resulting from the
contours in (a). The corresponding 99% confidence lev-
els for each FFT is also shown

2. OBSERVATIONS

The observations were carried out on 1998 September 22,
with the Richard B. Dunn Solar Telescope (DST) at the
National Solar Observatory/Sacramento Peak and were
taken as part of an eleven-day-long joint campaign with
the Transition Region And Coronal Explorer (TRACE)
spacecraft. The aim of the campaign was to examine the
relationship between quiet sun events in the photosphere,
chromosphere, and transition region. A 150 minute se-
quence of 100’ 100" images were obtained in @aK 3,

Ha core, Mgl bs, and Mgl by —0.4 A, centred on a quiet
sun field (SolaX = -25”, SolarY = -35”) with a 45 s
cadence. This provided several NBPs which could be
clearly identified in all wavelengths. Co-alignment of the
ground based images with tH&RACE data led to a cal-
culated resolution of 0.33” per pixel in the QaK 3 data

and 0.18” per pixel for the other wavelengths. Analysis of
the DST observations was carried out using standard rou-
tines within theSolarSoftWarepackage written inpL.

The data were corrected for CCD readout bias and flat-
fielded. Each image was aligned to the first image of the
series by means of cross-correlation.

3. RADIAL STUDY

For each NBP, the series of images were further divided
into subfields of 30" 30” centred on each point (Fig. 1).
For each image in the series the NBP was contoured at a
chosen threshold above the modal pixel value. The aver-
age pixel intensity inside the closed contour was calcu-
lated. This average NBP pixel intensity was combined
with the background value (chosen as the modal pixel
value) to create a contrast value for each image. The
final lightcurve is then a series of contrast values [11].
The contour method ensures only pixels from inside the
NBP are used [1,11] and the contrast lightcurve method
removes any slowly varying trends from the data. Any re-
maining very low frequency power was further removed
by digitally convolving the contrast curve with a suitable
Bessel function.
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Figure 2. Oscillatory power against threshold (in stan-

dard deviations above the modal vlaue) for the NBP in
Fig. 1. The 99% and 95% levles at each threshold are
also shown

Gradually increasing the chosen threshold of the contour,
such that the bright centre of the NBP was increasingly
isolated, provided a means of following the radial profile
of any oscillations present. At high frequencies the power
spectrum remained similar (Fig. 1b). However at low fre-
guencies, it was found that peaks would suddenly appear,
rapidly increase in power or even disappear altogether as
the threshold was increased (Fig. 3). In each NBP dif-
ferent frequencies dominate [11], although there were a
few common themes. The appearance of low frequen-
cies often coincided with the disappearance of higher fre-
guencies. This suggests that magnetism or gravity play a
dominant role in NBPs at the expense of acoustic waves.
Previous work [11] has shown how averaging over the
entire network, or taking too small a sample of NBPs can
lead to a lack of detection of all frequencies.

4. TEMPORAL STUDY

Wavelet analysis [12] was carried out on the lightcurves
of maximum threshold (i.e. best isolation of the bright
centre). An example wavelet power plot for CeK 5 is
shown in Fig. 3. This clearly shows the transient nature
of network oscillations, in the form of wave-packets at
a specific frequency. The combination of wavelet analy-
sis and Fourier tranforms is essential to ensure that these
wave-packets are not missed, and that frequencies found
are real. For a frequency peak to regarded as real, it was
decided it must contain at least one full oscillation outside
the cone of influence at greater than 95% confidence. A
summary of these results can be found in [13].

5. PROPAGATING WAVES

‘Power’ curves were created by taking horizontal slices
of the wavelet power transform [4] at each and ev-
ery frequency (see Fig. 3d). For each wavelength
pair, at each frequency, power curves were correlated
and the maximum correlation and corresponding time-
lag recorded, hence creating a 3-D frequency-correlation-
timelag curve. Maxima in the frequency-corrrelation



Table 1. Results from the NBP in Fig 1. Top- Oscillatory power in each wavelength in each frequency band. The 99 and
95 refer to the transform exceeding the 99% and 95% confidence levels respectively. Each of these frequencies existed
in a wave-packet for at least one full oscillation in the wavelet transform. Bold numbers refer to wave-packets which
existed for more than one full oscillation. Bottom- Correlation maxima across each wavelength pair. The range of values
correspond to the frequency at peak correlatigr).1mHz. The final column denotes if the deduced speed is lower or

higher than the acoustic velocity,,

From: 1.00 1.33 1.67 200 233 267 300 333 367 4.00
A To: 1.22 1.56 189 222 256 289 322 356 389 422
Call K3 95 99 99 95
Ha 99,95 99 95 99 99 99,95
Mg 1 by 99,99 99 95 95
Mgib;—04A 99 99,95 99 95 99 95
Correlation  Frequency  Timelag Vel. compared
A1 A2 Factor (mHz) 45 seconds) tes
CallKg Ha 0.66-0.79 12-14 -3--12 lower/higher
0.61-0.72 23-25 4-6 lower/higher
Call Kz Mgibs 068-0.75 19-21 0 higher
CallKs Mgib;—04A 057-062 173-193 3-7 lower/higher
Ha Mg I by 0.77-0.84 12-14 -3--7 higher
Ha Mgib;—0.4A 0.69 41-43 3 lower/higher
Mg 1 b Mg 1 bi—04A 069-079 15-1.7 0-3 lower/higher
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Figure 3. Wavelet transform of the maximum threshold
Call K3 lightcurve of the NBP in Fig 1.(a)- Filtered con-
trast curve. (b)- Wavelet power transfrom. Lighter areas
indicate larger oscillatory power. Thg2-derived 95%
confidence level is also shown. The hatched area is the
Cone Of Influence. Inside this area edge effects can af-
fect the transform. (c)- Global wavelet power spectrum,
analogous to a Fourier transform. (d)- Power curve at
3.5mHz. Aslice across the wavelet tranform ina 0.2 mHz
band. The 95% significance level corresponding to the
contours in b are also shown. The time axes of a,b and d

are the same. The frequency axes of b and c are the same.

curve were selected, and retained only if the correlation
factor was above 0.6, and the corresponding timelag was
less than 450 sec (18 45 sec cadence). Correlations
below 0.6 or with greater than 450 sec time lag were dis-
missed as false. The timelag value could then be com-
bined with an estimate of height formation of each wave-
length to produce a estimate of the velocity of the prop-
agating wave [4,14]. For a data cadence of 45 sec (com-
bined with uncertainty in the height of formation of each
line) there are large errors in the deduced velocity values.
Instead it was decided to calculate, for each wavelength
pair, the minimum timelag corresponding to a wave trav-
elling at the acoustic velocity, C(~ 9 km sec! in the
chromosphere). A timelag greater than or equal to the
acoustic velocity refers to a possible slow-mode MHD
wave. A fast-mode wave will travel at a velocity greater
than the Alfvén speed (minimum 30 km s&9, but with

our limited velocity resolution we suggest that any wave
with a velocity greater than Cis a possible fast-mode
wave.

The results from one NBP are shown in Table 1. The
presence of a~1.9 mHz wave between Ca K3 and
both Mg 1 b, and Mgi b;—0.4 A'is clear (Mg by to
Mg I b;—0.4 A also shows a correlation at a slightly
lower frequency). The Fourier tranforms also show os-
C|Ilat0ry power at~1.9 mHz in Mgl b;—0.4 A, which

is reduced in 4. There is a second peak a#.0 mHz

in Ha, which is reduced on reaching the G level.

Ha to Mg | b;—04 A shows a propagating wave at
~4.1 mHz. This is consistent with the MHD theory of
network heating[6]. A fast-mode wave&atl..9 mHz gen-
erated at the photosphere propagates up through the NBP
at fast-mode speed. Around the height af Fbrmation
mode-coupling occurs, hence the onset 6f40 mHz
oscillation, but with some remnant signal-at.9 mHz.
The slow-mode wave~§4.0 mHz) travels for a short time
before shocking, thereby explaining the lack of this oscil-
lation in Cail K3.



There is also some weak evidence for downward-moving
waves. A~1.3 mHz correlation (Car K3 to Ha and

Ha to Mg | bs) at slow-mode speed is found, although
among these three wavelengths, an oscillatory signal at
this frequency is found in W only. The~2.4 mHz corre-
lation (Cail K3 to Ha) does not correspond to any wave-
packet in either wavelength, and is therefore dismissed.
This demonstrates the benefit of using wavelet analysis,
as we can compare frequencies with wave-packets. There
also seem to be many uncorrelated peaks in the 2.67—
3.56 mHz range.

6. CONCLUSIONS

We have shown how NBP oscillations behave as a func-
tion of radial distance from the centre, as a function of
time, as a function of height in the atmosphere. These
are combined to show, for one NBP, evidence which sup-
ports the MHD theory of chromospheric heating in the
network. An oscillation at a fast-mode frequency is seen
to propagate upwards at a fast-mode speed to the upper
chromosphere. Here it couples to a slow-mode wave
at twice the original frequency. This slow-mode wave
rapidly shocks in the upper chromosphere, although there
is a remnant peak at the original fast-mode frequency.
The quasi-periodic nature of these oscillations means that
wavelet analysis is an ideal analysis tool. The lack of pre-
vious detection of these waves could be due to the fact
that in ordinary Fourier transforms the wave-packets will
be washed out by non-periodic components.

Further work will involve extending this study into the
other NBPs in the field-of-view of our present data. Sim-
ulataneous TRACE data will also be used to study the
transition region and corona. It is expected that mode-
coupling, followed by slow-mode wave shocking, will
mean there will be no correlation of the TRACE data
with the ground-based data. A study of a larger num-
ber of NBPs, across more wavelengths and at higher ca-
dence, will be neccessary to confirm these results. Si-
multaneous magnetograms will also be used to search
for flux emergence coinciding with propagating wave-
packets. A study over the entire lifetime of NBPs, from
birth through to dissipation will show whether oscilla-
tions could be linked to underlying photospheric mag-
netic field strength.
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